US008411710B2
12 United States Patent (10) Patent No.: US 8.411.710 B2
Tamaoki 45) Date of Patent: Apr. 2, 2013
(54) LASER APPARATUS 2010/0260216 Al* 10/2010 Tamaoki ........c.cccceoennnn.. 372/25
201 1/0122895 Al * 5/20;1 Savage-Leuchs etal. ... 372/10
(75) Inventor: Shinobu Tamaoki, Yokohama (IP) 2012/0206794 A1* 82012 Fermannetal. .......... 359/341.3
31 A Sum Flectric Tud o Toed FOREIGN PATENT DOCUMENTS
(73) ssignee: OuIIll(ltOI}?'O JPe(.:trlc.: ndustries, Ltd., P 1734622 Al 122006
saka-shi (JP) WO  WO0-2009/007721 A2 1/2009
(*) Notice:  Subject to any disclaimer, the term of this * cited by examiner
patent 1s extended or adjusted under 35
U.5.C. 154(b) by 105 days. Primary Examiner — Dung Nguyen
(21) Appl No.: 13/160,172 (74) 4170?’}2@2} Ag&ﬁf, or Firm — Venable LLP; Michael A.
Sartori
(22) Filed: Jun. 14, 2011
(65) Prior Publication Data (57) ABSTRACT
US 2011/0317726 A1 Dec. 29, 2011 The present ‘ir%vention relates to aﬁlaser apparatus with a struc-
ture for realizing a fast response 1n carrying out a start and an
Related U.S. Application Data iand of output of pulsiad laser li.ghj[ while e:ffectively suppress-
- o ing damage to an optical ampliiying medium. The laser appa-
(60) Provisional application No. 61/359,032, filed on Jun. ratus is provided with a seed light source, an optical amplifi-
28, 2010. cation section, a pulse modulator, a pump power controller,
and a main controller. The pulse modulator receives an output
(51)  Int. Cl. start instruction and an output end instruction fed from the
HO1S 3/10 (2006.01) main controller and controls a start and an end of output of
(52) US.CL ... 372/25;372/26;372/29.014; 372/30; seed light from the seed light source. The pump power con-
_ _ _ 372/69 troller recerves a pump trigger signal fed from the main con-
(58) Field of Classification Search .............. 372/25—26,J troller and 1ncreases or decreases a power of pump hgh‘[
o 372_/ 29.014, 30 supplied to the amplification section. The main controller
See application file for complete search history. decreases the power of the pump light supplied to the ampli-
_ fication section, on the occasion of ending the output of the
(56) References Cited pulsed laser light, and thereafter makes the pulse modulator

2010/0177797 Al

U.S. PATENT DOCUMENTS

5,867,305 A 2/1999 Waarts et al.
7/2010 Appleyard et al.

end the output of the seed light from the seed light source.

7 Claims, 14 Drawing Sheets

O BN BN O BN B S B B B A R GBS BAE bl ik blie shidke Al el bk s mbp bbk ey el ek fope = ey PT= TeYE FTW YITT P T FEN FTT WT WIS

~1A

N
-

!

" WT M TR OO T BT BT M B YT B B B Y T ET E B TR E B B B B B B BN MY B T e OB YT e

30

"
e




US 8,411,710 B2

Sheet 1 of 14

Apr. 2,2013

U.S. Patent




US 8,411,710 B2

Sheet 2 of 14

Apr. 2,2013

U.S. Patent

il Ik el sk sk ek ek el - e e pes sl s sl S e Sy EEy P

iy bk e Wy Ny R R VT P TR TR TR TTE TR O DD W DD BB I

il WA A S S bhkl hishh eiskich shink vhisial sl winl Sjes ey EEE gy Er A T Y

— o e e o ey

I PR SR N SRR EERF RN WERE PR AN T TR TEW RN T TR T EE TR TTE TE WY BNE AW T Bl B e B B B B B

bl sk ik einind  bimink ikl ik meek sk Gk jemk e S e Sy P Y Y PR TEN TR W O W S B B BB BN BB  BEEE A A

S I I B I O S R R N ek ikl bhishk deemk bimie bl sk s by EE Y O DS S DN TN N BN DD B ARAE Bl kil

—— N N I I N S S ———--————1"

E N MR S ehhk Bkl denlel  Geimkh Gmhis sk sk iminie . oy G

A I I T B T T AN BAE SRR ekl ohiskh  Behink il b

S S R R Rl bk ek ek s e e SR TR AR W

—dm———————p——————— ==

L

-1 HOCA

-1 HOLA

el ek e e e T YR T

30dMN0S ONIdIANN
40 INJddNO JAIEA

0 YAIE

(A)IADVLIOA
el RIINCGEELS

gz b4

(A)FOVLIOA
HIOOIHYL TYNYHILXS

vZ b4




US 8,411,710 B2

)
: m
= SLVIS  ANMISAGVALSOL
@ AQYILS ZMO: NOLLISNYL 24!
U S —
i 31VLS NOILVY3dO |
¢ m
e m m
& ] _ _
e~ m
—
-
-«

S —

NOILVANG
NOILONYLSNI
¢MO

U.S. Patent

3S1Nd 3ANO
40 HLdIM
e N
------ m.l_O\fo—
3NO |
..................... —.:::. mmmmmmmee———4 8S|Nd POOS 4
....................................... _ -4 MO PodS4
.A.....!ai!l..l..i..]lnllv__.mlllllv
3LV1S NOILVYIdO 3SINd 1 3LVIS
 NOILY43dO
MO
| MOT
............ UbIH

o e v e

NOILVAENd NOILONALSNI NOILVENd

451Nd NOILONE1SNI
VMO

1Nd1NO d43s

gebi4

(A)IOVLIOA
HIA9OOIYL TYNHIALXS

ve b4




US 8,411,710 B2

Sheet 4 of 14

Apr. 2,2013

U.S. Patent

| < 3S7Nd ANO 0
YIS ATVLS OL 40 HLAIM
ZOEwZé N>>0 - === A5V gmwm_&
SRV SRR ¥ SN E—— --- -| MO Jese|d
m IR B N .—.i..i 111111111111 as|nd Jose| 4
w 1LNdLNO YISV
m e e s MO «osind 1ose| 4 Qv -m\l
“ M . dundg) LNdLNo n__>5n_m
YIS ATAIS 0L yel
R TSR] , Jy PId
aLlvls P | ” 1NdLNO g33S
AQV3LS N>>om m uuuuuuuuuuuuuuuuuuu — ................ as|nd pass
i .w ....................................... | mo pessy
I%miiii%[ n
JIVIS NOILYM3AdO ¢ 3ILVLS NOILYH3dO 3SINd 31V1S . m w‘. Q.-n\
ZMD m zo_%um_%

H MO (NIOVITION

e I A et ——————————————— o ottt Ul e

z%m_u.u_.wm.ﬂ%z_ ZO_Héaowa_._.ODm._.mz_ NOILYHNA m
45 1d NOILONYLSNI :
s fl: vy Did




U.S. Patent Apr. 2,2013 Sheet 5 of 14 US 8,411,710 B2

<L
-
\\
I___l_.... .
[ b
| o
-
o &
i N
: i




US 8,411,710 B2

2d) 1)
JNIL _ “

................................ _ e e I

i ! A Tu--: | | 4
= £s) Zs) m 15}
< JNIL _ “ i - “
ST e oo et -{ JOZA
m m
= | |
N " _

- e dmmmmmeee- ” R UOZA
- el L 2L a
= JNIL m _ | m
v e — -{ HOLA
o
-
-«

— UOLA

U.S. Patent

40d4dMN0OS DONIdINNG
40 1LNJddNO JAIHEA

29614

(A)IOVLIOAN
¥I99I¥L a33S

g9°614

(A)TOVLI0ON
HIODOIHL TYNHILXS

v9°bi4



US 8,411,710 B2

Sheet 7 of 14

Apr. 2,2013

U.S. Patent

d ¢
JN| L Nu {
..I S “......“._...1..--”..----”...---..”.,....._...““. ,,,, 4
T i JOVIVYA 3SNVO Ol 304NOS ONIdNN
I r TANAd 1A 1IOHSddHL ' 4O ININNEND IAING
N W .
JNIL . B o YA
.................... _ M -{ HOZA
m w (A)IADOVLIOA
m m H4399I141 a33S
- oo SeRnEEEE _ , Sinninieinieiniints UOZA
m - m m v g.°bi4
3NIL = —
.................... | _ S -4 JOLA
(A)FOVLIOA
PRIV EING
— UOLA
\ - y.bi4



US 8,411,710 B2

Sheet 8 of 14

Apr. 2,2013

U.S. Patent

A1Y1S AQVALS
OLNQILISNvaL

P ARy

— y— Fres

bl s bk bbbk beiehl  bsbele  Swbiel skleek  ssbeel  Jeleichk  Geslel  slisieh skl shimiel O beihl  delebd dwiekh kel alekek  Bebis  delesl bl slbel  Seiek sl kel deiele  selek Gl sl sl ek debeh ekl selek sk feles . sl s s ey e

IIIIIIIIIIIIIIIIIIIIIIIIIIII

e e e —————

!
i
]
1
1
i
]
i
i
]
1
_
_
1
_
[
[
i
;
t
;

L
Z
O

Y
) < m S
VIS AGYALS m m \
ﬂ OLNOLLISNY: ! “
vLs U
s T | FREIRED - RS
“ ANl A .l A
R — S — —
i " ._ I
JLVLS NOILVH3dO: J1V.1S NOILVYIdO 35 1Nd "~ 3IV1S
MO 1 m  NOILYH3dO ¥
] < M “ L IMO
_ s s ———— - "
< NOoiLvand - “NOILVYNd NOILONYLSNI. NoILvend
NOILONYLSNI = NOILYYNd 1OY.INOD 3s7Nd NOLLONYLSNI |
ZMD HOLIMS LMD

0
9SINd poseallap
lase|d
JSYy Jese|
MO Jese| ]
1Nd1NO d4SVY1
as|nd Jase|
as-bi4
MO ebewep ou
Mod 1NdLNO dANNd
08°bi4
1Nd1N0O d3i4ds
9s|nd pedsd
MO poos 4
g8°b14
MO'] (A)IADVYLIOA
3499141 TVYNdd1L X4
ybiH
ve'bi4



U.S. Patent Apr. 2,2013 Sheet 9 of 14 US 8,411,710 B2

——————————————————————————————

o00B

Fig.9



US 8,411,710 B2

Sheet 10 of 14

Apr. 2,2013

U.S. Patent

b

--F HOCA

SN < zd) EH

m m-----:- RERETT m

“ m " AVIEA “
- cs) Zs) | m )
—— el m Al 11

M RS SR  hiekk il Belekh bbbk biseik  delwik bl hink sk ek ekl ——

-1 HOLA

40dMN0OS ONIdNNA
40 1INJddaMNO dAIEA

201 b1

(AN)IOVLIOA
H399IY1 d33S

goL°b14

(AIODVLI0A
Y991 TYNHILX3

voL bl



US 8,411,710 B2

Sheet 11 of 14

Apr. 2,2013

U.S. Patent

202"




U.S. Patent Apr. 2,2013 Sheet 12 of 14 US 8,411,710 B2




U.S. Patent Apr. 2,2013 Sheet 13 of 14 US 8,411,710 B2




U.S. Patent Apr. 2,2013 Sheet 14 of 14 US 8,411,710 B2




US 8,411,710 B2

1
LASER APPARATUS

CROSS REFERENCE TO RELATED
APPLICATIONS

This application claims priority to Provisional Application
No. 61/359,032 filed on Jun. 28, 2010 by the same Applicant,
which 1s hereby incorporated by reference 1n 1ts entirety.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a laser apparatus config-
ured to amplify pulsed seed light and output amplified pulsed
laser light.

2. Related Background Art

A laser apparatus of a MOPA (Master Oscillator Power
Amplifier) configuration with a seed light source and an opti-
cal amplification section 1s configured to amplity seed light
output from the seed light source in the optical amplification
section and output the amplified light.

The optical amplification section to be preferably used 1s,
for example, a configuration including an optical fiber with a
core doped with a rare earth element (e.g., Yb, Er, Nd, Tm,
Ho, Tb, or the like), as an optical amplifying medium. When
the rare earth-doped optical fiber 1s used as an optical ampli-
tying medium, there are many advantages, e.g., easy handling
because of confinement of the pump light and laser light in the
optical fiber, no need for large-scale cooling equipment
because of good heat radiation, and so on.

Yb (ytterbium) among the rare earth elements as a dopant
in the optical fiber as an optical amplitying medium has a high
conversion efficiency. For this reason, the Yb-doped optical
fiber 1s widely used as an amplification optical fiber for high
power. Like the other rare earth elements, Yb 1s also excited
with supply of pump light and the remaining pump light not
absorbed 1s output from the other end of the amplification
optical fiber.

FIG. 5 1n U.S. Pat. No. 5,867,305 discloses the configura-
tion to mject a pulse of pump light and to make a coincidence
between an end of the pulsed pump light and an end of an
individual 1injected signal (seed light) pulse. In this configu-
ration, individual pulses of injected signal (seed light) corre-
spond to respective pulses of pump light. U.S. Pat. No. 5,867,
3035 discloses nothing about adjustment of output of the pump
light at a time of switching of the seed light from pulse
operation to CW operation.

SUMMARY OF THE INVENTION

The mventor conducted research on the aforementioned
conventional technology and found the following problem.

Specifically, the laser apparatus of the MOPA configura-
tion can obtain the pulsed laser light with high power and high
quality. For this reason, there are increasing demands for the
laser apparatus of the MOPA configuration in applications
such as processing and medical use. In such applications, a
workpiece includes portions to be processed with 1rradiation
of the laser light of continuous repetitive pulses, and portions
not to be processed, without irradiation of the laser light. In
such cases, 1t 1s necessary to start the output of the pulsed laser
light from the laser apparatus at a certain time and to end the
output at another certain time. There are routine works with
the start time and the end time determined, and there are also
cases where the 1rradiation location and 1irradiation time of the
laser light are determined on an as-needed basis while mea-
suring a workpiece. In eirther case, the laser apparatus 1s
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2

required to permit an imstantaneous change between 1rradia-
tion and termination of the laser beam. However, the laser
processing becomes more difficult with increase 1n speed in
such an operation that during a process of continuous irradia-
tion with repetitive pulses (or 1n a pulse operation state), the
laser irradiation state 1s quickly switched into a disabled state
of laser processing and after a while, the laser apparatus 1s
quickly switched again into an enabled state of laser process-
ing, and there are many proposed methods.

The inventor proposes, as a basic configuration, such pro-
cessing that the seed light source 1s subjected to direct modu-
lation control in the optical fiber laser apparatus of the MOPA
configuration in order to settle the aforementioned difficulty
of fast switching, whereby the workpiece 1s irradiated with
continuous pulsed light of a recurrence frequency (which will
be referred to hereinafter as repetitive light pulses) (to apply
the laser light 1n the pulse operation state) to be processed
thereby. The 1rradiation with the laser 1n the pulse operation
state 1s stopped at a portion of the object that does not have to
be processed, and instead, the laser 1s applied thereto ina CW
operation state, thereby realizing a non-processing state. By
quick switching between the CW operation and the pulse
operation of repetitive light pulses, 1t becomes feasible to
achieve fast switching between the processing state and the
non-processing state. However, the inventor discovered a new
problem 1n this method that at the time of the switching from
the pulse operation to the CW operation, a phenomenon of
breakage of the amplification optical fiber in the MOPA con-
figuration could occur.

The present mvention has been accomplished 1n order to
solve the above problem and 1t 1s therefore an object of the
present invention to provide a laser apparatus with a structure
for realizing a fast response 1n execution of a start and an end
of output of pulsed laser light while eflectively suppressing
the damage to an optical amplifying medium.

A laser apparatus according to the present invention coms-
prises a seed light source, a pumping source, an optical ampli-
fication section, a pulse modulator, a pump power controller,
and a main controller. The seed light source 1s able to output
either of pulsed light and CW light as seed light. The pumping
source outputs CW light as pump light. The optical amplifi-
cation section receives the pump light and the seed light, and
amplifies the seed light. The pulse modulator modulates the
seed light source 1nto an operation state of either a repetitive
pulse operation state or a CW operation state. The pump
power controller adjusts a power of the pump light fed to the
optical amplification section. The main controller outputs a
signal to indicate a timing of control 1n the pulse modulator
and the pump power controller. Particularly, the pump power
controller decreases the power of the pump light output from
the pumping source to below a predetermined power 1n a
duration 1n which the pulse modulator maintains the seed
light source in the repetitive pulse operation state, prior to a
switching timing of the seed light from the pulsed light to the
CW light at a light entrance end of the optical amplification
section, based on a timing of the signal output from the main
controller.

A duration from a timing of an external istruction for
switching of the operation state in the seed light source from
the repetitive pulse operation state to the CW operation state
(a fall time of an external trigger voltage in the external
modulator) to a timing of an actual transition of the seed light
source from the repetitive pulse operation state to a steady
state of the CW operation state 1s defined as a switch control
duration. During this switch control duration, the pump
power controller performs a power decrease and a power
increase of the CW pump light. The actual switching from the
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repetitive pulse operation state to the CW operation state in
the seed light source 1s carried out between the timing of the

power decrease and the timing of the power increase of the
pump light by the pump power controller. The power increase
timing of the CW pump light 1s approximately coincident
with the timing when the operation state of the seed light
source moves into the steady state of CW operation.

In the laser apparatus according to the present invention,
the pump power controller preferably increases or decreases
the power of the pump light supplied to an optical amplifying
medium, by directly controlling the output power of the
pumping source. Alternatively, the laser apparatus may fur-
ther comprise a variable optical attenuator arranged on an
optical path between the pumping source and the optical
amplification section. In this configuration, the pump power
controller controls the variable optical attenuator to increase
or decrease the power ol the pump light supplied to the optical
amplifying medium.

In the laser apparatus according to the present mvention,
the predetermined power of the pump light 1n the switching of
the seed light from the repetitive pulse operation state to the
CW operation state in the optical amplification section 1s
preferably a pump power at which a gain of ASE light 1n the
optical amplifying medium becomes less than a gain of the
CW light.

In the laser apparatus according to the present mvention,
the main controller preferably comprises a timing difference
adjuster for adjusting a timing difference so as to 1nject the
pump light at the predetermined power, on the occasion of
input of a rising part of the CW light of the seed light into the
optical amplification section.

In the laser apparatus according to the present mvention,
the pump power 1s preferably set stepwise toward a power in
a CW oscillation operation, after reaching the predetermined
power on the occasion of switching of the seed light from the
repetitive pulse operation state to the CW operation state in
the optical amplification section. In the laser apparatus
according to the present invention, the main controller pret-
erably includes the pump power controller.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a drawing showing a configuration of a laser
apparatus according to a comparative example;

FIGS. 2A to 2C are timing charts showing respective sig-
nals 1n the laser apparatus of the comparative example;

FIGS. 3A and 3B are timing charts showing an operation
example of control of a seed light source and output from the
seed light source;

FIGS. 4A to 4D are timing charts showing an operation
example of output from the seed light source and output from
the laser apparatus;

FIG. § 1s a drawing showing a configuration of the first
embodiment of the laser apparatus according to the present
imnvention;

FIGS. 6A to 6C are timing charts showing respective sig-
nals 1n the laser apparatus 1A of the first embodiment;

FIGS. 7A to 7C are timing charts showing respective sig-
nals 1n the laser apparatus 1A of the first embodiment;

FIGS. 8A to 8D are timing charts showing an operation
example of output from the laser apparatus 1A of the first
embodiment;

FI1G. 9 1s a drawing showing a configuration of the second
embodiment of the laser apparatus according to the present
invention;

FIGS. 10A to 10C are timing charts showing respective
signals 1n the laser apparatus 1B of the second embodiment;
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4

FIG. 11 1s a drawing showing a configuration of the third
embodiment of the laser apparatus according to the present
imnvention;

FIG. 12 1s a drawing showing a configuration of the fourth
embodiment of the laser apparatus according to the present
invention;

FIG. 13 1s a drawing showing a configuration of the fifth
embodiment of the laser apparatus according to the present
invention; and

FIG. 14 1s a drawing showing a configuration of the sixth
embodiment of the laser apparatus according to the present
invention.

DESCRIPTION OF THE PR.
EMBODIMENTS

(L]
Y

ERRED

Embodiments of the laser apparatus according to the
present invention will be described below 1n detail with ref-
erence to FIGS. 1, 2A-4D, 5, 6A-8D, 9, 10A-10C, and 11 to
14. In the description of the drawings the same portions and
the same elements will be denoted by the same reference
signs, without redundant description.

FIG. 1 1s a drawing showing a configuration of a laser
apparatus according to a comparative example. The laser
apparatus 1 of the comparative example shown i FIG. 1 1s
provided with a seed light source 10, an optical amplification
section 20, a delivery optical fiber 30, and a pulse modulator
40 and 1s used 1n combination with an external trigger gen-
erator 2.

The seed light source 10 has a structure for repetitively
outputting pulsed seed light and, for example, 1t repetitively
outputs the pulsed seed light through direct modulation of
output from a laser diode. The seed light source 10 starts the
output of seed light 1n response to an output start instruction
given from the pulse modulator 40 and ends the output of seed
light 1n response to an output end 1nstruction given from the
pulse modulator 40.

The optical amplification section 20 includes an amplifi-
cation optical fiber 21 as an optical amplifying medium and
an optical multiplexer (e.g., optical coupler) 23. A pumping
source 22 outputs pump light. The optical multiplexer 23
receives the seed light fed from the seed light source 10 and
outputs the seed light 1nto the amplification optical fiber 21,
and the multiplexer 23 also recerves the pump light fed from
the pumping source 22 and supplies the pump light into the
amplification optical fiber 21. The amplification optical fiber
21 1s excited by the pump light to amplify the seed light.
Thereatiter, amplified pulsed laser light 1s output from the
amplification optical fiber 21.

The amplification optical fiber 21 preferably has a double
clad type refractive-index profile. In this case, the amplifica-
tion optical fiber 21 has a core part doped with a rare earth
clement, a first cladding part surrounding this core part and
having the refractive index lower than that of the core part,
and a second cladding part surrounding this first cladding part
and having the refractive index lower than that of the first
cladding part. The core part of the amplification optical fiber
21 guides the seed light in a single mode, and the core part and
the first cladding part guide the pump light 1n multiple modes.

Absorption of the pump light 1n the amplification optical
fiber 21 1s determined by characteristics of the amplification
optical fiber 21 (mainly, the mode field diameter, the outside
diameter of the first cladding part, and a rare-earth doping
concentration of the core part). For example, in the case of the
amplification optical fiber with the core part doped with Yb as
a rare earth element (which will be referred to hereinatter as
YbDF), where the Yb doping concentration 1s about 10000
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ppm, the mode field diameter about 7 um, the outside diam-
cter of the first cladding part about 130 um, and the length 5
m, the pump light of about 2.4 dB 1s absorbed 1n a 9135 nm
wavelength band of pump light. The wavelength of the pump
light may be a 940 nm band or a 975 nm band. The amplifi-
cation optical fiber 21 does not always have to be limited to
YbDEF, but an optical fiber doped with another rare earth
clement may also be employed depending on the intended
use.

The laser apparatus 1 preferably includes a plurality of
pumping sources 22 in order to obtain a high gain and 1n this
case 1t 1s preferable to use an optical combiner as the optical
multiplexer 23. The laser apparatus 1 may further comprise a
single stage of mtermediate optical amplification section or
multiple stages of intermediate optical amplification sections
between the seed light source 10 and the optical amplification
section 20, 1n order to obtain a high power.

The delivery optical fiber 30 receives pulsed laser light
output from the amplification optical fiber 21, at one end and
outputs the pulsed laser light from an exitend 31. The delivery
optical fiber 30 has a core part, and a cladding part surround-
ing this core part and having the refractive index lower than
that of the core part, and guides the pulsed laser light 1n a
single mode.

The pulse modulator 40 recerves the output start instruction
and output end 1nstruction to provide external triggers (T'TL
signals), from the external trigger generator 2 and supplies
these instructions to the seed light source 10. By this opera-
tion, the pulse modulator 40 controls a start and an end of a
duration of oscillation of repetitive pulses, as the seed light
output from the seed light source 10. The start instruction and
end 1nstruction of the duration given to the pulse modulator
40 may be provided manually, but 1t 1s preferable to provide
them from the external trigger generator 2, 1 order to carry
out the start and end of output at high speed 1n the seed light
source 10. The external trigger generator 2 1s, for example, a
personal computer or the like provided inside or outside a
main body of a processing device.

FIGS. 2A-2C are timing charts showing respective signals
in the laser apparatus 1 of the comparative example. Specifi-
cally, FIG. 2A shows an external trigger voltage supplied
from the external trigger generator 2 to the laser apparatus 1,
FIG. 2B a seed trigger voltage supplied to the seed light
source 10 on the basis of the external trigger voltage, and FIG.
2C a dnive current of the pumping source supplied to the
pumping source 22.

The external trigger voltage (FI1G. 2A) supplied from the
external trigger generator 2 to the laser apparatus 1 indicates
a start of the output from the seed light source 10 by a
transition from a low level V1oil to a high level V1 on and
indicates an end of the output from the seed light source 10 by
a transition from the high level V1on to the low level V1oii.

The seed trigger voltage (FI1G. 2B) supplied from the pulse
modulator 40 to the seed light source 10 changes 1ts levels at
the same timing as the external trigger voltage (FIG. 2A)
supplied from the external trigger generator 2 to the laser
apparatus 1, indicates a start of the output from the seed light
source 10 by a transition from a low level V2oit to a high level
V2on, and indicates an end of the output from the seed light
source 10 by a transition from the high level V2on to the low
level V2oil. The drive current (FIG. 2C) of the pumping
source supplied to the pumping source 22 is always kept at a
high level I1 and 1indicates continuation of the output of pump
light at a fixed 1intensity from the pumping source 22.

The seed light source 10 can select erther pulse operation or
CW operation 1n response to the seed trigger voltage (pulse
pattern) from the pulse modulator. The behavior of either the
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CW operation or the pulse operation of the seed light source
10 exerts influence up to the final laser output in the MOPA
case. The difference 1n laser output between the CW opera-
tion and the pulse operation is instantaneous output; in the
CW operation, the output 1s always constant because of a
continuous wave; in the pulse operation, energy 1s concen-
trated 1n a short period of one pulse. For this reason, the pulsed
light output can have the output power of several thousand
times that of the CW light output. By taking advantage of this
characteristic, the CW light 1s output during periods 1n which
no object 1s processed.

FIGS. 3A and 3B show the behaviors of the CW operation
and the pulse operation 1n the seed light source 10. The seed
light source 10 continuously generates a plurality of pulses
during a predetermined duration, after CW operation. There-
after, the seed light source 10 1s shown so as to perform an
operation returning to the CW operation. A power level 1n a
steady state of the CW operation is set to an output according
to a peak level of the pulse operation. This eliminates a work
to adjust the peak level of the pulse operation on occasions of
switching from the CW operation to the pulse operation,
thereby enabling On/Of1T of laser processing.

Specifically, as shown 1n the timing chart of FIG. 3A, the
first duration in which the external trigger voltage 1s at the
Low level, 1s a CW1 instruction duration to make the seed
light source 10 carry out the CW operation, and a duration 1n
which the external trigger voltage 1s at the High level, subse-
quent to the CW1 1nstruction duration, 1s a pulse 1nstruction
duration to make the seed light source 10 carry out the pulse
operation. Furthermore, a duration 1n which the external trig-
ger voltage 1s at the Low level, subsequent to the pulse
instruction duration, 1s a CW2 1nstruction duration to make
the seed light source 10 carry out the CW operation.

On the other hand, as shown 1n the timing chart of FIG. 3B,
the seed light source 10 1s 1n a CW1 operation state to output
the CW light with the power Pseed CW during the CW1
instruction duration. During the pulse instruction duration,
the seed light source 10 1s 1n a pulse operation state to repeti-
tively output the pulsed light with the power Pseed Pulse.
During the CW2 mstruction duration, the seed light source 10
1s 1n a CW?2 operation state to again output the CW light with
the power Pseed CW. The CW2 operation state turns into a
CW2 steady state (a state of stable CW operation) through a
transition duration (CW2 transition to steady state). During
the transition duration, the output power 1s gradually brought
back to the level 1n the steady state of the CW operation. The
output wavelength of YbDF 1s 1060 nm 1n the pulse operation.
During the CW operation on the other hand, YbDF oscillates
at wavelengths except for 1060 nm because of self pulsation
of ASE light (e.g., YbDF of a single clad type oscillates 1n a
1030 nm band and YbDF of a double clad type oscillates 1n a
1040-1050 nm band) and outputs the CW light with a stronger
power than that of the fundamental wave of 1060 nm.

FIGS. 4A to 4D are timing charts showing an operation
example 1n an output start period of the laser apparatus 1 of
the comparative example where the seed light output control
shown 1n FIGS. 3A and 3B i1s carried out. As shown in FIG.
4 A, a start of output of pulsed light 1s indicated by a transition
of the external trigger voltage from the Low level to the High
level (transition from the CW1 instruction duration to the
pulse mstruction duration). At this time, the seed light source
10 starts the pulse operation of laser light after a lapse of a
certain fixed delay period from the time of the output start
instruction, as shown in FIG. 4B. Namely, the seed light
source 10 switches from the output of CW light with the
power Pseed CW (CW1 operation state) to the repetitive
output of pulsed light with the power Pseed Pulse (pulse
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operation state). This delay period 1s determined by a time
necessary before the external trigger voltage reaches a certain
fixed level from the Low level and a time necessary for a
required process for the pulse modulator 40 to give the output
start istruction to the seed light source 10. Although there 1s
a time necessary between the start of output of pulsed laser
light and stabilization of intensity of pulsed laser light, the
output of pulsed laser light 1s started 1n response to the output
start instruction.

Furthermore, in FIG. 4 A, the end of output of pulsed light,
1s indicated by a transition of the external trigger voltage from
the High level to the Low level (transition from the pulse
instruction duration to the CW2 instruction duration). At this
time, the seed light source 10 starts stable output of the CW

laser light with the power Pseed CW (CW2 steady state) after

a lapse of a certain fixed transition duration (CW2 transition
to steady state) from the time of the output end 1nstruction, as
shown 1n FIG. 4B. Namely, the seed light source 10 switches
from the repetitive output of pulsed light with the power
Pseed Pulse (pulse operation state) to the output of CW light
with the power Pseed CW (CW2 operation state).

As described above, 1n the pulse operation state the seed
light source 10 repetitively outputs pulses with a fixed pulse
width 1n a fixed pulse period. When the external trigger volt-
age turns from the High level to the Low level (transition from
the pulse instruction duration to the CW2 1instruction dura-
tion), the seed light source 10 starts the CW operation to
output the CW light after a lapse of the certain fixed delay
time from the time of the output start instruction. In a rising
part ol this CW2 operation state, the output power level
suddenly changes 1n a certain predetermined time (transition
period) from the power level at the Off time of the repetitive
pulse operation to the output power level 1n the steady state of
the CW operation (CW2 steady state). FIG. 4C shows the
output of pump light, the drive current of the pumping source
1s set at a constant level, and therefore the pump light power
Ppump 1s constant.

Furthermore, FIG. 4D 1s a timing chart showing the laser
output of the laser apparatus 1. The laser output means the
output power based on voltage values obtained by photoelec-
tric conversion when a photo-detector (not shown) receives
the laser light from the light output end 31. In the steady state
of CW operation, the laser output demonstrates a certain fixed
power. When the seed light output (FIG. 4B) turns from the
CW1 operation state into the pulse operation state (or when
the optical power of the output laser light decreases from
Plaser CW to Plaser ASE), the seed light power 1s the power
of only ASE light in Off portions of single pulses and the
output level thereot 1s a low level. Namely, these durations
(OfI periods of single pulses) are durations 1n which there 1s
little consumption of the pump light so as to make the pump
light power excessive. In a state 1n which a single pulse 1s ON,
the single light pulse uses up the pump light power in the
single-pulse OfTf state belore it, as a gain and the pulsed light
with the high peak power Plaser pulse 1s output as laser
output. Furthermore, on the occasion of the transition from
the pulse operation state to the CW 2 operation state, the seed
light power suddenly changes 1ts output 1n the rising zone of
the CW2 operation state, as described above, to shift into the
CW steady state 1n the certain fixed time (the transition dura-
tion 1n FI1G. 4B). It was confirmed that the laser output also
suddenly changed in accordance therewith. Namely, at the
beginning of the rising zone of the CW2 operation state, the
laser output demonstrated a sudden increase similar to a tran-
sient response (with the peak power Plaser pulse—=CW).
After that, during a duration of the transition of the seed light
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power 1nto the CW2 steady state, the laser output also gradu-
ally turns 1nto the laser output during the CW steady opera-
tion.

In the CW2 steady state, the output 1s constantly given at a
low power level (power Plaser CW 1n FI1G. 4D) and usually no
problem will arise 1n particular. During the repetitive pulse
operation, the output 1s given at some peak power (power
Plaser Pulse 1n FIG. 4D) for execution of laser processing,
and the laser output 1s provided at an output level at which the
optical amplification section 1s not broken. However, a pulse
wavelorm of the pulsed laser light output last at the end of
output has the high peak power of not less than two times and
the wide bottom width of 1 um, when compared to a pulse
wavelorm of the other pulsed laser light before 1t. This 1s
considered to be an influence by a pulsed portion of the seed
light on the rising occasion of CW2 operation shown 1n FIG.
4B. It 1s presumed that the influence of this portion expanded
the bottom width of the pulse and increased the peak power. It
1s also considered that because of the end of the pulse opera-
tion, the pump light not used for amplification of the seed
light becomes ASE light to induce a situation of being likely
to cause self pulsation and the peak power increases more by
that degree. It was found that these factors led to generation of
a giant pulse during the rising period (transition duration) of
the CW?2 operation state 1f the pump light power 1n the optical
amplification section was large, and there was a risk of dam-
age to the amplification optical fiber 21 and others. The laser
apparatus of the embodiments described below provide a
solution to this problem.

(First Embodiment)

FIG. 5 1s a drawing showing a configuration of the laser
apparatus 1A according to the first embodiment. This laser
apparatus 1A shown 1n FIG. 5 1s provided with the seed light
source 10, the optical amplification section 20, the pumping
source 22, the delivery optical fiber 30, the pulse modulator
40, a pump power controller 50, and a main controller 60, and
1s used 1n combination with the external trigger generator 2.
When compared to the configuration of the laser apparatus 1
of the comparative example shown 1n FIG. 1, the laser appa-
ratus 1A of the first embodiment shown 1n FIG. 5 1s different
in further comprising the pump power controller 50 and main
controller 60. The pump power controller 50 may be arranged
separately from the main controller 60 or may be included 1n
the main controller 60 1n order to achieve downsizing and
increase in operation speed.

The pulse modulator 40 receives a start instruction and an
end 1struction of a duration of oscillation of pulses according
to a recurrence frequency supplied from the main controller
60 and sends these mstructions to the seed light source 10 to
control a start and an end of output of the seed light from the
seed light source 10. Specifically, the seed light source 10
ends the CW output 1n response to the start mstruction and
starts the output of repetitive pulses. In response to the end
instruction, the seed light source 10 ends the repetitive pulse
output and starts the CW output. The pump power controller
50 receives a pump trigger signal supplied from the main
controller 60 and controls increase/decrease 1n power of the
pump light output from the pumping source 22, based on this
pump trigger signal. Namely, the pump power controller 50
controls the drive power of the pumping source 22, thereby
increasing or decreasing the power of the pump light supplied
to the amplification optical fiber 21.

The main controller 60 recerves an output start instruction
and an output end instruction of repetitive pulses supplied
from the external trigger generator 2 and, based on these
instructions, 1t gives instructions to each of the pump power
controller 50 and the pulse modulator 40 1n accordance with
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a predetermined procedure on occasions of starting and end-
ing output of repetitive pulses. At a start of output of repetitive
light pulses, the main controller 60 controls the pulse modu-
lator 40 so as to start the output of the seed light from the seed
light source 10 in the same manner as in the comparative
example.

On the other hand, at an end of output of repetitive light
pulses, the main controller 60 controls the pump power con-
troller 50 to lower the power of the pump light supplied to the
amplification optical fiber 21 and thereafter controls the pulse
modulator 40 to end the output of repetitive pulses of seed
light from the seed light source 10. After that, the main con-
troller 60 controls the pump power controller 50 to return the
power of the pump light supplied to the amplification optical
fiber 21, to the original level, for a next output start instruc-
tion.

FIGS. 6A to 6C are timing charts showing respective sig-
nals in the laser apparatus 1A of the first embodiment. FIG.
6 A shows the external trigger voltage from the external trig-
ger generator 2, FIG. 6B the seed trigger voltage from the
main controller 60 to the pulse modulator 40, and FIG. 6C the
drive current of the pumping source based on the pump trig-
ger signal from the main controller 60 to the pump power
controller 50. FIGS. 7A to 7C also show timing charts show-
ing respective signals 1n the laser apparatus 1A according to
the first embodiment, but these timing charts are a modifica-
tion example of the timing charts shown 1n FIGS. 6A to 6C.
Specifically, FIGS. 7A and 7B are coincident with FIGS. 6A
and 6B, but only the timing chart shown 1n FIG. 7C 1s differ-
ent from the timing chart shown 1n FIG. 6C.

The external trigger voltage fed to the main controller 60
turns from the Low level V1oil to the High level V1on at a
time T1 or T3. This level change causes the seed trigger
voltage to turn from the Low level V2oIf to the High level
V2on at a time ts1 or ts3 (to indicate a start of repetitive light
pulses from the seed light source 10). Similarly, when the
external trigger voltage turns from the High level V1on to the
Low level V1 off at a time 12, an end of output of repetitive
light pulses from the seed light source 10 1s indicated at a time
ts2 (to turn the seed trigger voltage from the High level V2on
to the Low level V2oil). Namely, the time ts1 and the time ts3
are set based on the time T1 and the time T3, respectively.

With regard to the pump trigger signal, when the external
trigger voltage turns from the High level V1 on to the Low
level V1 off at the time T2, the drive current of the pumping
source turns from the High level 11 to the Low level 12 at a
time tpl and further turns from the Low level 12 to the High
level I1 at a time tp2 after a lapse of a short time from the time
tpl. Namely, the time tp1 and the time tp2 are set based on the
time 12.

The timing relationship between the seed trigger voltage
and the drive current of the pumping source 22 1s determined
in an order of the times ts1, tpl, ts2, tp2, and ts3 in FIGS. 6A
to 6C. The timing charts of FIGS. 6A to 6C are charts based
on the premise that there 1s no timing difference between
inputs of the pump light and seed light into the optical ampli-
fication section 20. If there 1s a timing difference, the timing
difference 1s set so as to complement it. If this timing 1s
assumed to be different from actual timing 1n the laser appa-
ratus 1A, a further timing difference will be set. For example,
in a case where two or more stages of auxiliary optical ampli-
fication sections are added between the seed light source 10
and the optical amplification section 20, a slight timing dii-
terence will arise. In that case, the timing will be adjusted by
adding a timing difference setter described below.

The Low level 12 of the drive current of the pumping source
22 may be a level at which no pump light 1s output at all from
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the pumping source 22. The Low level of the drive current of
the pumping source 22 can be such a level below a certain

threshold level Ith that there 1s no damage to the amplification
optical fiber 21 and others as described above (ci. FI1G. 7C).
Namely, the point herein 1s that the pump power controller 50
lowers the power of the pump light supplied to the amplifi-
cation optical fiber 21 so as to make the gain of ASE light 1n
the amplification optical fiber 21 smaller than the gain of the
seed light, at the end of the output of repetitive light pulses.

On the occasion of switching the operation of the seed light
source 10 from the pulse operation to the CW operation, the
output of the seed light source can be 1n a condition of output
lower than the normal CW output as shown 1n FIG. 3B. For
this reason, the gain of ASE light becomes larger than the gain
of the seed light 1n the CW output operation, posing a risk of
damage to the optical amplification section. In order to avoid
this risk, 1t 1s preferable to lower the pump input power down
to such a predetermined power threshold level as to avoid
breakage of the amplification fiber. If 1t 1s desired to reduce
influence of the high peak power value due to the transient
response 1n the rising part (transition duration) of the CW
operation state, it should be considered to reduce the accu-
mulated pump power “in the period from the last pulse to
iput of CW light.” For example, 1t 1s concetvable to set the
time from the last pulse to the CW light input short or to lower
the pump power supplied at the time of the last pulse.

The pump power controller 50 may change the power of the
pump light supplied to the amplification optical fiber 21, 1n
one step or may change the power of the pump light supplied
to the amplification optical fiber 21, stepwise 1n two or more
stages. In the latter case, it 1s feasible to prevent an abrupt
thermal change.

FIGS. 8 A to 8D are timing charts showing an output opera-
tion example of the laser apparatus 1A according to the first
embodiment. FIG. 8A shows a change of the external trigger
voltage, FIG. 8B an operation pattern of the seed output
according to the change of the external trigger voltage, FIG.
8C an operation pattern of the pump output according to the
change of the external trigger voltage, and FIG. 8D an opera-
tion pattern of the output from the laser apparatus 1A accord-
ing to the changes of FIGS. 8B and 8C.

In FIG. 8D, the laser output 1s the same as in FIG. 4D, inthe
CWI1 1nstruction duration and the pulse 1nstruction duration.
The CW1 1instruction duration 1s a duration i which the
external trigger voltage 1s at the Low level as shown 1n FIG.
8 A, and 1s coincident with the duration of the CW1 operation
state to output the CW light with the power Pseed CW, 1n the
seed light source 10 (F1G. 8B). The pulse instruction duration
1s a duration in which the external trigger voltage 1s at the
High level as shown 1in FIG. 8A, and 1s coincident with the
duration of the pulse operation state with the power Pseed
Pulse (<Pseed CW), 1n the seed light source 10 (FIG. 8B).

A switch control duration of the CW2 1nstruction duration
subsequent to the pulse instruction duration (ci. FIG. 8A)
means a transition duration for switching the seed output
from the repetitive pulse state to a rise to the CW operation
(CW2 operation state), as shown in FIG. 8B. Durning this
duration, the pump output transiers from the ON (output of
the pump light at the power level P CW to maintain the steady
state of CW operation or the repetitive pulse operation state)
state to the O1f (output of the pump light at a power level Pno
damage CW {for preventing occurrence of damage to the
optical amplification section) state, as shown 1n FIG. 8C. As
shown 1n FI1G. 8D, the power level of the laser output during
the CW1 1nstruction duration 1s Plaser CW and the power
level of the pulse output during the pulse mstruction duration
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subsequent to the CWI1 instruction duration 1s Plaser
pulse (>Plaser CW) including the power Plaser ASE.

This setup causes the laser output during the transition
duration from the pulse operation to the CW operation to be
lowered to a power level for preventing occurrence of damage
to the optical amplification section (Plaser decreased Pulse as
a power level of the pulse output during the switch control
duration). Alter a lapse of the rise period (transition duration:
CW2 transition to steady state) to the CW operation possibly
causing damage to the optical amplification section, the pump
power 1s returned to the ON state (output of the pump light at
the power level P CW), moving into the CW2 steady state. It
1s understood that since the control of the laser apparatus 1A
of the first embodiment 1s provided with the switch control
duration at the beginning of the CW2 nstruction duration
subsequent to the pulse instruction duration to control the
output of the pump light as described above, the laser light 1s
always output with the laser power below that in the CW2
steady operation state, when compared to the operation
example of the laser apparatus 1 of the comparative example
shown 1n FIG. 4D.

As described above, the laser apparatus 1A of the first
embodiment can perform a fast response on the occasions of
performing the start and end of output of repetitive light
pulses and can suppress the damage to the optical amplifying
medium. Furthermore, 1t can decrease the time 1n which the
current supplied to the pumping source 22 1s set lower than
the ordinary current value. For this reason, temperature sta-
bility of the pumping source 22 becomes better than by a
method of starting or ending the output of the pumping source
22 to start/end the output of repetitive light pulses.

(Second Embodiment)

FIG. 9 1s a drawing showing a configuration of the laser
apparatus 1B according to the second embodiment. FIGS.
10A to 10C are timing charts showing respective signals 1n
the laser apparatus 1B of the second embodiment. The laser
apparatus 1B shown in FIG. 9 1s provided with the seed light
source 10, the optical amplification section 20, the delivery
optical fiber 30, the pulse modulator 40, the pump power
controller 50, and a main controller 60B and 1s used 1n com-
bination with the external trigger generator 2. When com-
pared to the configuration of the laser apparatus 1A of the first
embodiment shown 1n FIG. 5, the laser apparatus 1B of the
second embodiment 1s different 1n comprising the main con-
troller 60B 1nstead of the main controller 60.

The main controller 60B includes a timing difference
adjuster 61. The timing diflerence adjuster 61 sets a delay
from a time when an instruction to lower the power of the
pump light supplied to the amplification optical fiber 21 1s
sent to the pump power controller 50, to a time when an
instruction to end the output of the seed light from the seed
light source 10 1s sent to the pulse modulator 40, on the
occasion of ending the output of repetitive light pulses.

Namely, as shown in FIGS. 10A to 10C, the external trigger
voltage fed to the main controller 60B turns from the Low
level V1 off to the High level V1 on at the time T1 or T3. This
causes the seed trigger voltage to turn from the Low level
V2ofit to the High level V2on at the time ts1 or ts3 (to indicate
a start ol output of repetitive light pulses from the seed light
source 10). Stmilarly, when the external trigger voltage turns
from the High level V1on to the Low level V1oil at the time
12, an end o the output of repetitive light pulses from the seed
light source 10 1s indicated at the time ts2 (to switch the seed
trigger voltage from the High level V2on to the Low level
V2oil). Namely, the time ts1 and the time ts3 are set based on
the time T1 and the time T3, respectively. With regard to the
pump trigger signal, when the external trigger voltage turns
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from the High level V1on to the Low level V1oil at the time
12, the drive current of the pumping source turns from the
High level I1 to the Low level 12 at the time tp1 and further
turns from the Low level 12 to the High level 11 at the time tp2
alter a lapse of a short time from the time tpl. Namely, the
time tpl and the time tp2 are set based on the time T2.
Theretore, the timing difference adjuster 61 sets the delay 1n
a duration between the time tpl and the time ts2.

The reason why 1t 1s preferred that the main controller 60B
include the timing difference adjuster 61 as described above
1s as described below.

The target of the control of the pulse modulator 40 1s the
output of the seed light from the seed light source 10. Natu-
rally, there 1s a time of propagation before the seed light
output from the seed light source 10 enters the optical ampli-
fication section 20. On the other hand, the target of the control
of the pump power controller 50 1s the output of the pump
light from the pumping source 22. A time 1s also necessary
before a response after incidence of the pump light output
from the pumping source 22 into the amplification optical
fiber 21. Therefore, for adjusting the phases at the respective
parts, the timing difference adjuster 61 sets a timing differ-
ence adjustment time, whereby the input timing of the pump
power can be controlled more accurately.

(Third Embodiment)

FIG. 11 1s a drawing showing a configuration of the laser
apparatus 1C according to the third embodiment. The laser
apparatus 1C of the third embodiment shown 1n FIG. 11 1s
provided with the seed light source 10, an optical amplifica-
tion section 20C, the delivery optical fiber 30, the pulse
modulator 40, the pump power controller 50, and the main
controller 60 and 1s used 1n combination with the external
trigger generator 2. When compared to the configuration of
the laser apparatus 1A of the first embodiment shown 1n FIG.
5, this laser apparatus 1C of the third embodiment 1s different
in comprising a variable optical attenuator 24 on the optical
path between the optical amplification section 20C and the
pumping source 22 and 1n comprising a pump power control-
ler S0C to complement the pump power control with the
pump power controller 50.

The pumping source 22 continuously outputs the pump
light at a fixed intensity. The variable optical attenuator 24 1s
provided on the optical path of the pump light from the
pumping source 22 to the amplification optical fiber 21 and an
attenuation rate for the pump light 1s vaniable. The pump
power controller 50C, recewving a control signal from the
main controller 60, increases or decreases the attenuation rate
of pump light 1n the variable optical attenuator 24, thereby
increasing or decreasing the power of the pump light supplied
to the amplification optical fiber 21. The laser apparatus 1C of
the third embodiment can also achieve the same effect as the
laser apparatus 1A of the first embodiment.

(Fourth Embodiment)

FIG. 12 1s a drawing showing a configuration of the laser
apparatus 1D according to the fourth embodiment. The laser
apparatus 1D of the fourth embodiment shown 1n FIG. 12 1s
provided with a seed light source 10D, the optical amplifica-
tion section 20, the delivery optical fiber 30, a pulse modula-
tor 40D, the pump power controller 50, and the main control-
ler 60 and 1s used 1n combination with the external trigger
generator 2. When compared to the configuration of the laser
apparatus 1A of the first embodiment shown in FIG. §, this
laser apparatus 1D of the fourth embodiment 1s different 1n
that the seed light source 10D further comprises an external
modulator 11 in addition to the seed light source 10 and 1n that
the pulse modulator 40D 1s provided instead of the pulse
modulator 40. The seed light source 10D 1s configured as
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tollows: the seed light source 10 performs the CW operation
and the external modulator 11 turns the repetitive pulse opera-
tion state On/Ofl, thereby achieving alternate appearance of
the CW operation state and the repetitive pulse operation
state. The pulse modulator 40D controls only the repetitive
pulse operation state of the external modulator 11. In the case
of this configuration shown 1n FI1G. 12, anising part of the CW
operation duration also appears and the problem of the tran-
sient response also occurs with an abrupt rise of the CW
operation, raising a possibility of occurrence of an abrupt
pulse peak. If the CW operation rises slow on the contrary,
there 1s a possibility of occurrence of the problem of self
pulsation of ASE light. Besides the configuration of FIG. 12,
another possible form of use of the external modulator 11 1s
such that the seed light source 1s kept 1n the repetitive pulse
operation state and the external modulator controls On/Off of
the repetitive pulse operation state.

The seed light output at the fixed intensity from the seed
light source 10 1s modulated into pulsed light by the external
modulator 11.

The external modulator 11 1s given a seed trigger signal
from the pulse modulator 40D and carries out a start and an
end of output of pulsed seed light, based thereon. The laser
apparatus 1D of the fourth embodiment can also achieve the
same effect as the laser apparatus 1A of the first embodiment.

(Fifth Embodiment)

FIG. 13 1s a drawing showing a configuration of the laser
apparatus 1E according to the fifth embodiment. The laser
apparatus 1E of the fifth embodiment shown 1n FIG. 13 1s
provided with the seed light source 10, an optical 1solator 12,
an optical amplification section 20E, the delivery optical fiber
30, the pulse modulator 40, a pump power controller 50E, and
the main controller 60 and 1s used in combination with the
external trigger generator 2. When compared to the configu-
ration of the laser apparatus 1A of the first embodiment
shown 1n FIG. 5, this laser apparatus 1E of the fifth embodi-
ment 1s different 1n further comprising the optical 1solator 12,
in comprising the optical amplification section 20E instead of
the optical amplification section 20, and in comprising the
pump power controller 50E instead of the pump power con-
troller 50.

The optical 1solator 12 1s provided on the optical path of the
seed light from the seed light source 10 to the optical ampli-
fication section 20E and functions to permit passage of light
in the forward direction but inhibit passage of light 1n the
backward direction.

The optical amplification section 20E includes the ampli-
fication optical fiber 21 as an optical amplitying medium, a
pumping source 25, and an optical multiplexer 26. The pump-
ing source 23 outputs pump light. The optical multiplexer 26
outputs repetitive light pulses output from the amplification
optical fiber 21, into the delivery optical fiber 30 and receives
the pump light output from the pumping source 23, to supply
the pump light to the amplification optical fiber 21. The
amplification optical fiber 21 1s pumped by this pump light to
optically amplify the seed light, and outputs repetitive light
pulses after the optical amplification.

The pump power controller 50E, like the pump power
controller 50 1in the first embodiment, receives the pump
trigger signal fed from the main controller 60 and, based on

this pump trigger signal, 1t increases or decreases the power of
the pump light output from the pumping source 23, thereby
increasing or decreasing the power of the pump light supplied
to the amplification optical fiber 21.
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The optical amplification section 20 1n the first embodi-
ment was a forward pumping amplifier, whereas the optical
amplification section 20E 1n this fifth embodiment 1s a back-
ward pumping amplifier. The laser apparatus 1E of the fifth
embodiment can also achieve the same effect as the laser
apparatus 1A of the first embodiment.

(Sixth Embodiment)

FIG. 14 1s a drawing showing a configuration of the laser
apparatus 1F according to the sixth embodiment. The laser
apparatus 1F of the sixth embodiment shown 1n FIG. 14 1s
provided with the seed light source 10, the optical 1solator 12,
an optical amplification section 20F, the delivery optical fiber
30, the pulse modulator 40, a pump power controller 50F, and
the main controller 60 and 1s used 1n combination with the
external trigger generator 2. When compared to the configu-
ration of the laser apparatus 1A of the first embodiment
shown 1n FIG. §, this laser apparatus 1F of the sixth embodi-
ment 1s different 1n further comprising the optical 1solator 12,
in comprising the optical amplification section 20F instead of
the optical amplification section 20, and 1n comprising the
pump power controller 50F 1nstead of the pump power con-
troller 50.

The optical 1solator 12 1s provided on the optical path of the
seed light from the seed light source 10 to the optical ampli-
fication section 20F and functions to permit passage of light in
the forward direction but inhibit passage of light 1n the back-
ward direction.

The optical amplification section 20F includes the ampli-
fication optical fiber 21 as an optical amplifying medium, the
pumping source 22, the optical multiplexer 23, a pumping
source 25, and an optical multiplexer 26. Each of the pumping,
sources 22, 25 outputs pump light. The optical multiplexer 23
receives the seed light output from the seed light source 10
and outputs the seed light into the amplification optical fiber
21, and the optical multiplexer 23 receives the pump light
output from the pumping source 22 and supplies the pump
light into the amplification optical fiber 21. The optical mul-
tiplexer 26 outputs repetitive light pulses output from the
amplification optical fiber 21 1nto the delivery optical fiber 30,
and it recerves the pump light output from the pumping source
235 and supplies the pump light into the amplification optical
fiber 21. The amplification optical fiber 21 1s pumped by these
pump light beams to optically amplity the seed light, and
outputs repetitive light pulses after the optical amplification.

The pump power controller 50F, like the pump power con-
troller 50 1n the first embodiment, recerves the pump trigger
signal fed from the main controller 60 and, based on this
pump trigger signal, 1t increases or decreases the powers of
the pump light beams output from the respective pumping
sources 22, 25, thereby increasing or decreasing the powers of
the pump light beams supplied to the amplification optical
fiber 21.

The optical amplification section 20 1n the first embodi-
ment was the forward pumping amplifier and the optical
amplification section 20E 1n the fifth embodiment was the
backward pumping amplifier; whereas the optical amplifica-
tion section 20F 1n this sixth embodiment 1s a bidirectional
pumping amplifier. The laser apparatus 1F of the sixth
embodiment can also achieve the same efiect as the laser
apparatus 1A of the first embodiment.

As described above, the laser apparatus according to the
present invention realized the fast response 1n execution of the
start and end of output of pulsed laser light, while effectively
suppressing the damage to the optical amplifying medium.
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What 1s claimed 1s:

1. A laser apparatus comprising;

a seed light source capable of outputting pulsed light as
seed light;

a pumping source which outputs CW light as pump light;
an optical amplification section which receives the pump
light and the seed light and amplifies the seed light;

a pulse modulator which modulates the seed light source
into an operation state of either a repetitive pulse opera-
tion state or a CW operation state;

a pump power controller which adjusts a power of the
pump light fed to the optical amplification section; and

a main controller which outputs a signal to indicate a tim-
ing ol control 1 the pulse modulator and the pump
power controller,

wherein, based on a timing of the signal output from the
main controller, the pump power controller decreases
the power of the pump light output from the pumping
source to below a predetermined power 1n a duration 1n
which the pulse modulator maintains the seed light
source 1n the repetitive pulse operation state, prior to a
switching timing of the seed light from the pulsed light
to CW light at a light entrance end of the optical ampli-
fication section.

2. The laser apparatus according to claim 1, wherein the

pump power controller controls an output power of the pump-
Ing source.
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3. The laser apparatus according to claim 1, further com-
prising:
a variable optical attenuator arranged on an optical path
between the pumping source and the optical amplifica-
tion section,

wherein the pump power controller controls the variable
optical attenuator.

4. The laser apparatus according to claim 1, wherein the

predetermined power 1s a pump power at which a gain of ASE

light in the optical amplification section becomes less than a
gain of the CW light.

5. The laser apparatus according to claim 1, wherein the
main controller comprises a timing difference adjuster for
adjusting a timing difference so as to iject the pump light at
the predetermined power, on the occasion of input of a rising
part of the CW light of the seed light into the optical ampli-
fication section.

6. The laser apparatus according to claim 1, wherein the
pump power 1s set stepwise toward a power 1n a CW oscilla-
tion operation, after reaching the predetermined power.

7. The laser apparatus according to claim 1, wherein the
main controller includes the pump power controller.
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